
Modeling of InGaAsSb-Based Avalanche
Photodetectors for 2-Micron Wavelengths

Summary of Research

ODURF Project #122231

NASA Grant #NAG-I-02072

Submitted to NASA Langley Research Center

December 2002

Principal Investigator:
Dr. Ravindra P. Joshi





MODELING OF InGaAsSb-BASED AVALANCHE

PHOTODETECTORS FOR 2-M!ICRON WAVELENGTHS

Principal Investigator: l;:avindra P. Joshi

Department of Electrical and l;omputer Engineering

Old Dominion University, Norfolk, VA 23529-0246

(Voice: 757-683-4827 // FAX: 757-683-3220)

NASA Technical Monitor: N. Abedin

Systems Engineering Competency, NASa. Langley, Hampton, VA 23681

(Voice: 757-864-4814 // FAX: 757-864-8828)

FINAL REPORT (ODURF# 122231)

December, _002.

Abstrac t

The main focus of this research is to study and evalua _e the potential of InGaAsSb-A1GaAsSb based

21am avalanche photo-detectors. The photo-detector c )ntains a separate absorption and multiplication

region (SAM) structure. The analysis has mainly be:,'n done to understand the electrical response

characteristics of the devices existing at NASA, arid to evaluate alternate structures proposed.

Calculating the current flow for the existing detect,Jr structure, on the basis of its energy band

diagram, is important. This analysis also helps to find shortcomings in the existing detector structure.

It is shown that, unfortunately, the existing structure .:annot lead to strong multiplication or voltage

dependent gain. Two alternate structures are suggeste d, that could overcome the inherent flaws, and

help achieve improved performance. These devices are obtained through modifications of the original

structure, which include varying the doping levels, ;tnd changing the thicknesses of detector sub-

regions. The results of our study are presented and discussed.



1.1 INTRODUCTION

The main focus of this research is on the potential for 2 IJm avalanche photo-detectors based

on InGaAsSb-A1GaAsSb, as this material system remains relatively unexplored. The photo-detector

contains a separate absorption and multiplication region (SAM) structure. The concept is for

InGaAsSb to act as an absorbing region, and for the A1GaAsSb layer to provide for carrier

multiplication. The InGaAsSb-A1GaAsSb system is chosen for a variety of reasons. The smaller band

gap of (Eg=0.72) of the InGaAsSb relative to the A1GaAsSb (Eg=l.3) region is responsible for

absorption in that layer, particularly near the 2 I,tm [ 1] wavelength. Due to its large band gap, the

A1GaAsSb region will not absorb incident light at this wavelength. Instead, it should act simply as a

high-field multiplication region to provide photocurrent gain. The multiplication is based on

avalanche multiplication upon the application of a reverse bias voltage to the InGaAsSb-AIGaAsSb

diode structure. The present research is aimed at studying the available structures based on the known

material parameters and to evaluate device parameters such as dark currents and multiplication, based

on a physical device model. Model predictions would then be used for comparisons between

predictions and experimental data. Finally, possible device modifications have also been suggested in

this report for improving the photodetector response.

1.2 GalnAsSb PHOTODETECTORS

As shown recently, it has become possible to use liquid phase heteroepitaxy of lattice matched

GalnAsSb on GaSb substrates to develop mid-infrared detectors. These quaternary alloy systems can

provide room-temperature infrared (IR) detectors adjustable for the 1.7-4.5_m range [2]. With

proper device design, both the cut-on and cut-off wavelengths can be varied over the range of the

quaternary system. A significant advantage of using a quaternary system over the binary and ternary

compounds is the ability to vary the band gap while still providing the lattice-matched growth to the

substrate material. Another expected advantage is that this detector will have good detectivity at room

temperature, while most commercially available detectors need cooling to liquid nitrogen

temperatures.

The GalnAsSb/GaSb structure can be fabricated as either a front side or a backside illuminated

detector. A diagram of these two designs is shown in figure 1. The GalnAsSb layers can be grown by
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Fig. 1. Front side and backside illuntinated detector structures [3].

1.3 REQUIREMENTS FOR A GOOD PHOTO DETECTOR

The main requirements of good avalanche ph oto-detectors are listed below.

(i) HIGH SIGNAL-TO-NOISE RATIO

An avalanche photo detector is one which can detects the signals that are coming from a

source or an object despite their low intensities. The signal coming from the object (for example,

from a spacecraft) is typically perturbed by the noise. The noise can be introduced during signal



propagation, or can also be generated by the detector devices and circuits. In order to detect the

signal that is largely perturbed by noise, a high signal-to-noise (SNR) ratio detector is desired. A

high SNR leads to superior detectibility and increases the threshold level for incoming signals.

(ii) LOW DARK CURRENT

The dark current of a detector is the current that is flowing when there is no photo-excitation.

On the other hand, photocurrent is the current when the detector is illuminated by photons. In order

to detect the photocurrent with precision, the dark current should be small. Typically, the dark current

should be at least an order of magnitude (or more) smaller than the photocurrent for good detection.

(iii) RESPONSIVITY AT DESIRED WAVELENGTHS

A good photodetector must have not only a high signal to noise ratio but also superior

responsivity at desired wavelengths. Responsivity is defined as the ratio of the generated

photocurrent to the incident signal power. Therefore, the photodetector should yield a maximum

response for the desired wavelength range and minimum response for all other wavelengths. This

selective property enables the detector to detect particular signal very effectively and efficiently. In

the present thesis, the desired wavelength range is around 2 micrometers.

(iv) LARGE PHOTOCURRENT COMPARED TO DARK CURRENT

Photocurrent, the current obtained when the detector structure is illuminated, should be larger

in magnitude in comparison with the dark current for correctly distinguishing the difference between

them. The photocurrent should be at least an order of magnitude larger than the dark current for

better detection.

One way of increasing the detector photocurrent is to engineer internal gain. This can

typically be achieved by designing the device such that it can undergo carrier multiplication and

internal avalanche action. Under avalanche conditions, large increases in the current can be achieved

by very modest increases in the applied voltage. The carder density typically increases exponentially

with both the spatial distance and applied electric field.



(v) HIGH SPEED OF RESPONSE

Another useful requirement is the speed of re sponse. Faster speeds imply a larger operating

frequency, and more data can be processed for digital communication and sensing applications.

(vO LOW DOPING LEVELS

The reduction of doping reduces the dark cu_rent as well as the noise in the device because

of carrier density reductions in the device. This imp] oves the signal to noise ratio and reduces the

detector dark current.

(vii) LOW NOISE

Noise is an unwanted signal that perturbs th:.• detector ability to detect the required signal.

The amount of thermal noise present is directly propo,"tional to temperature. Therefore, noise can be

reduced by lowering the operating temperature, thereby, suppressing thermal carrier generation.

Noise is also dependent on the velocity fluctuations, the amount of generation and recombination in

the system, and doping. Lower doping levels and reduced defect levels are both helpful in

suppressing noise.

1.4 GAInAsSb AVALANCHE PHOTODIODES

The structure of a GalnAsSb avalanche photo- detector is shown Fig. 2 [4]. The photo-detector

consists of n-type InGaAsSb layer that is grown on the n-type Gasb substrate. The InGaAsSb layer

acts as an absorbing region because of its small band gap. The n-type AIGaAsSb layer that is grown

on the n-type InGaAsSb layer has a band gap that is large when compared to the InGaAsSb because

ofalurninum composition. This makes it non-absorptive particularly at 2.0 l.tm wavelengths. A p-type

A1GaAsSb layer is grown on the n-AIGaAsSb layer, l'he p-n A1GaAsSb layer is responsible for the

avalanche multiplication upon the application of re', erse bias voltage. All the layers are grown by

using liquid phase epitaxy and are 3-4 _tm thick [5].
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Fig. 2. The IR SAM-APD structure [4].

1.5 ADVANTAGES OF InGaAsSb -AIGaAsSb FOR CURRENT RESEARCH

The selection of InGaAsSb and AIGaAsSb has several advantages over other materials. The

potential benefits are stated below:

.

,

The lower band gap of InGaAsSb is responsible for the absorption particularly at 2_tm

wavelengths.

The larger band gap of AIGaAsSb region is responsible for multiplication and avalanching,



.

while serving as an optical window.

The larger band gap of A1GaAsSb makes it noa-absorptive at around 2 t,lm so the system will

act as a separate absorption and multiplicatio_t region structure.

2.1 THEORETICAL BACKGROUND

Before proceeding with the analysis and sinmlation results of the InGaAsSb-A1GaAsSb

photodetector system, it is perhaps useful to cover some basic theoretical background. Some of the

commonly encountered terms and concepts such as the:' dark current, avalanche multiplication etc.. are

reviewed and presented in the following sections of l his report.

2.2 THEORY OF THE DARK CURRENT

In this present discussion, a reverse biased p n junction with a depletion width of "W" is

considered. The electric field "E" can be of arbitrary profile, provided it is sufficiently high in part of

the depletion layer to cause impact ionization. It is assamed that the electrons and holes traversing the

depletion layer have ionization probabilities per unit. length equal to ot and 13 respectively. These

ionization probabilities are assumed to be functions _af only the electric field E. This means, more

precisely, that the ionization probability of an elects'on or a hole is function of its instantaneous

momentum. A carrier moving in a constant electri_ field will experience a whole spectrum of

momentum values, which can be described by a mom,;ntum probability distribution for that particular

value of E. It is only when it has a momentum v_,lue towards the high end of the probability

distribution, that it can be capable of an ionizing colli ;ion. The assumption that ot or 13are a function

of the local electric field E alone, and not of previou,: carrier density relies on the following central

assumption: The momentum of an individual carrier _:an sample a large number of values throughout

the whole momentum probability distribution within a distance that is small compared to:

1. The mean distance between the ionizing cou_ters, and

2. The distance in which E changes by an appreciable amount.

For example, consider an electron, which l_as just suffered an ionizing collision so that its



momentumisreducedto nearzero.Beforeit iscapableof creating another electron-hole pair, it

must gain energy equal to ei, the minimum energy (i.e. the threshold value) required for impact

ionization. If it gains this energy by moving ballistically through the crystal without collision,

gaining energy from the electric field, it will require a distance of ei/e*E. Although other

methods of gaining energy are possible, the distance ei/e*E can be considered as a rough estimate

of the distance a carrier needs to have its momentum randomized. The requirement #1 (above)

also implies that the total voltage drop across the region in which appreciable ionization occurs

must be large compared to ei/e. This condition is assumed to be valid throughout this discussion,

and generally requires the application of a high device bias. For the sake of simplicity, it is also

assumed [6] that recombination within the depletion layer can be neglected, although the

equations to be derived can be generalized easily to include it.

2.3 DIODE MULTIPLICATION

Consider a reverse biased avalanche photo-detector in which the high-field region extends

from x=0 to x--w as shown in figure 3. In this model the electric field E is taken to be such, that

I.(O)

Ip(0) _-"

E

h In(w)

Ip(W)

0 W X

Fig. 3. Schematic diagram of the high-field region of an APD.

the electron drift towards the left and holes to the right. Consider, an electron-hole pair generated



within thedepletionregion.

In traversingdistancedx, theelectronwill s_ffer on the averagec_dxionizing collisions.

Similarly,theholewill createanaverageof l_dxhole-,dectronpairsasit movesadistancedx.These

secondarypairswill themselvesstartchainsof ioniz_tions,the lengthof eachchaindependingon

wherethesecondarywascreated.Thus, if M(x) [7] it the average total number of pairs which are

generated in the depletion layer as a result of one initial pair being generated at x, then:

X _/

M(x) = l+(f o_M(x')dx')+(I [3M(x')dx') , (1)

0 x

where o_and 13 are functions of E which is a functioa ofx'. Differentiating eqn. (1) one gets:

dM(x)

dx

(c_- _) * M(xl, (2)

which has a solution,

M(x)

K

M(0) exp[j (o_-13) dx'] .

W

= M(w) exp[. _ (o_-13)dx' ].

X

(3)

Substituting (3) into eqn. (1) for x - w, one obtains



W W

M(w) : 1 - _ tx exp[- _ (tx-_) dx'] dx.

0 x

(4)

Therefore, the multiplication factor M(x) is given by:

M(x) -

W

exp[-I (tx-l])dx' ]

X

......................................

W W

1- ftxexp[-I (Ix-_)dx'] dx

0 x

(5)

2.4 TOTAL CURRENT

In order to calculate the total current, one can consider the rate at which the electron hole pairs

are generated within an element of distance dx. Since holes and electrons are always generated in

pairs, only the electrons or the holes (but not both) should be counted. Thus, the pair generation rate

results in an increase in the hole current at a location x+dx over the current at position x by an

amount dip = (dip/dx) *dx. dip. This can be expressed as:

dip - (tXIn + _Ip + g)dx , (6)

where o_Inis the pair generation rate per unit length due to the impact ionization by electrons, 13Ipthe

rate due to similar collisions by holes, and g is the generation rate per unit length at which the pars

are generated either thermally or optically. The value for dlp/dx can be obtained from the solution of

equation (6), and is expressed as:

X

10



Ip (X)- Ip (0) exp[-_ (a-_)dx']

0

X W

+ f ( cxI+g ) exp[-_

0 x

dx , (7)

where I -- Ip (x)+ In (X) is the total current and is constant. In quasi-steady-state conditions, the total

current I is given by:

W

I= Ip (O)*M(O)+ I. (w)*M(w)+ i g(x) M(x)dx .

,3

(8)

2.5 PHOTO CURRENT

In the present research, as explained earlier, the AIGaAsSb p-n junction acts as a

multiplication region and is of particular interest. Assuming that the holes are injected from the left

side due to photo excitation and no electrons are injected at x---w the above equation is simplified to:

W

I = Ip (O)*M(O)+ In (w)*MI w)+ _ g(x) M(x)dx,

0

W

= Ip (O)*M(O) + i g(x) b,l(x)dx

0

(9)

since In (w) is equal to zero. This assumes that the op_ ical signal is incident from the left, and is at an

energy smaller than the A1GaAsSb bandgap. The c_trrent in equation (9) is the total current with

photo excitation and, therefore, is equal to the photo current. The above expression can be further

simplified by assuming oc equals I_. The expression f_r M(x) [8] is then simplified as:

w

exp[-_ (,t-13)dx']

11



M(x) =

X

w w

1- j'o_exp[-J" (o_-_)dx'] dx

0 x

1

= ........................ when ( o_=13 ) . (1 O)

W

1- _ a(x)dx

0

The integral in the equation (9) can also be simplified by assuming a constant generation rate g(x).

The expression for g(x) is given by:

q*ni*A

g(x) = ............. , (11 )

Xe

where q is the electron charge, ni is the intrinsic concentration, A is the area of the multiplication

region and % is the mean electron life time. Substituting (11) and (10) in (9), the photo-current is

given by:

q*ni*A*w

I = Ip(O)*M(O) + ........................ (12)

W

%.(1- ]" R(x) dx)

0

Since M is independent of x when tx equals 13,M(0) is same as M(x). Therefore, the above equation

can be written as:

Ip (0) q*ni*A*w

12



I = ....................... + ........................... (13)

w W

(1- _ (x(x) dx) x_,(1- I o_(x) dx)

0 0

2.6 EXPRESSION FOR THE DARK CURRENT

When there is no photo excitation, no holes v, ill be injected into the detector from the x=0

side. Therefore, the dark current is the total current when Ip (0) is zero, and hence the expression for

the dark current becomes:

q*ni*A*w

I dark = .............................. (14)

W

xe'(1- I (:t(Qdx)

0

The ratio of photocurrent to the dark current is given by:

Iphoto

I dark

Ip (0) q*ni*A*w

[ ....................... _ ..................... ]

W W

(1- f  x)dx) ze.(1- f o x)dx)
0 0

q*ni*A*w

W

Xc*(1- I O_x) dx)

0

(15)

By simplifying the above expression, one obtains:

13



Iphoto Ip (0)* 'Ce

I dark q*ni*A*w

, for (¢z -- 13) . (16)

The main aim is usually to increase the above ratio to the maximum extent possible. This can

be done by decreasing the depletion width "w" and decreasing the intrinsic concentration hi. The

intrinsic concentration can be reduced by reducing the temperature T because of an inverse

exponential dependence on T. Reduction of temperature also reduces thermal noise. Though low

temperature operation can benefit the device performance, it comes at the expense of including low-

temperature systems. It is thus not a very cost effective procedure, as installing and maintaining the

cooling equipment requires a lot of energy and capital.

In general,when o_ is not equal to _, the ratio of photo current to dark current is given by:

Since Mavg

W

= 1/w * S M(x)dx

0

Iphoto

I dark

Ip (0)* % * M(0)

= ........................ (17)

W

q*A*ni * J"M(x)dx

0

lphoto lp (0)* % M(O)

I dark q*A*ni *w Mavg

(18)

Therefore, attempts to maximize the above ratio M(0) requires a condition, in addition to those

stated above. The electric fields have to be maximum at x = 0 and decrease rapidly with x, since the

multiplication factor is a monotonically increasing function of the electric field. An electric field that

rapidly decays from x=0, will ensure that the corresponding multiplication factor will also decrease.

14



Thus, the average value will be much smaller than its magnitude at x = 0.

2.7 NOISE CONSIDERATIONS

The noise spectral density within the aval_,nche photo detector can be calculated by

considering the above model. Under the assumption that a and 13are functions of E only, the current

generated in the element dx should yield the shot noi ;e, given by:

<[dip -<dip>] 2 > = 2*e'" dlp*df, (19)

in an element of bandwidth df. This element of noise ,:urrent can be thought of as originating from a

noise current generator at x and will undergo the samu multiplication as any other current generated

at x. Thus, if _ [9] is the noise spectral density ii+ the total current flowing in the diode, the

contribution due to the pair generation rate in dx is given by:

d_(x) = 2e*M 2 (x)+:lip(X) (20)

Integrating one obtains:

d_ = 2e [Ip(0)* M 2 (0) + M 2 (w)* In(w) + q*A+ni * dlp/dx *M: (x) dx], (21)

where Ip(0), In(W) are the thermally and/or optically _,enerated hole and electron currents

respectively, entering the two ends of the depletion layer.

The above equation can be further modified 1_y partial integration of the last term. This

yields:

w w

j" dlp/dx *M 2 (x)dx =- Ip(O)* M 2 (0)+ M 2 ('¢¢)* Ip(w) - 2 J"dlp/dx *M 2 (x)dx.

0 0

(22)

15



By rearranging the above equation one can get the final expression for the spectral density. It is

given by:

w

= I* 2*e*[ 2"S o_M 2 (x) dx - M 2 (w)] + 4*e* Ip(0)* M 2 (0) + M 2 (w)* In(w) +

0

W

+ 4*e* S g *M 2 (x)dx , (23)

0

where q is the electron charge, Ip(0)and In(w) are the hole and electron currents entering the

depletion region at x=0 and x--w respectively, g(x) is the rate at which the hole-electron pairs are

generated (thermally and/or optically) in the depletion region, and M(x) is the average gain associated

with a hole electron pair generated at position x. Provided the values of ct(E), 13(E),and E(x) are

known, the above equation can be used to compute the noise spectral density for any desired

distribution of injected carriers.

CASE #1:

We consider the case when o_is equal to 13.When there is no photo excitation Ip(0)and In(w) are zero.

Assuming the g(x) factor [ 10] is due to thermal excitation, the above equation reduces to:

w W w

_d_ = 2*e*[2*]aM2(x)dx)] + ]g*M2(x)dx*[2*]aM2(x)dx-M2(w)] , (24)

0 0 0

where _d_ is the noise spectral density associated with the dark current generated in the region 0 <

x < w. The primary dark current will then be given by:

W

Ida = _ g(x)dx. (25)

0

16



Themeandarkcurrentat the output is given by:

W

(Ida)out = _ g (x) l_.t(x)dx (26)

0

The distributed dark current can be replaced I>y an equivalent photocurrent source in the p+

region with the same mean value Ida. This can be don_ by introducing an effective average gain Meff

, and an effective noise factor Fefr, differing from those for the injected currents, chosen such that

Idalout and _da are unchanged. Hence, Merf would be given as:

(Ida)o  
Meff = ............... (27)

Ida

The above equation can also be written as •

Meff

w

g (',.) M(x)dx

0

"4

f g (x)dx.
0

(28)

Similarly, the Fefr factor would be given by"

Feff

2*ci* Ida, M2_fr

(29)

17



Fef f ----

W

[ j'g(x)dx]
0

W W W

[2* J'g (x)M2(x)dx +[ _g (x)M(x)dx ] *[ _0_*M2(x) *g (x)dx -M2(w) ]]

0 0 0

W

[ f g(x)*M(x)dx]2

0

(30)

By using the relation a =13, the Feff factor turns out to be as:

Fe_ = Me_ (31)

Consequently, the noise spectral density would then be given by:

= 2*q*Id_*M 2 eff • (32)

CASE #2:

If the electron and hole ionization coefficients are not equal, but vary in roughly the same

manner with the electric field, then the approximation 13= ko_ is reasonable one, with k some fixed

constant. With this approximation, the integral in the equation (24) can be performed [11 ]:

W W

2 * I a M 2 (x)dx = 2/(l-k) *_(cz-13) M 2 (x) dx

0 0

M 2 (w)- M 2 (0)

= ................... (33)

1-k

Therefore, equation (24) becomes:

¢ = I* 2*e*[k M 2 (w)- M 2 (0)] + 4*e* Ip(O)* M 2 (0) + M 2 (w)* In(w) +

18



1-k

W

+ 4 * e * _ g * M2(x) dx. (34)

0

In the usual case of interest, most of the ioniza_iion occurs over a very short distance that may

be only a small fraction of the total depletion width, lta and b represent the locations in the depletion

layer of the two ends of the region in which the most imization occurs, one can write M(x) _-M(a) for

0 < x < a, and M(x) -_ M(b) for b < x < w. Therefore; the above equation can be written as:

z

I* 2*e*[k M 2 (b)- M 2 (a)]

.................................

1-k

+ 4*e* Ip(a)* M "_(a) + M 2 (b)* In(b)

w

+ 4*e* _ g *M 2 (x)dx ,

0

W

where Ip (a)= Ip(0) + _ g(x)dx , and

0

W

In (b)= In(w) + I g(_)dx

b

(35)

(36)

The above equation for noise spectral density can be simplified as:

¢ = M3(a)*Ip(a) * [1 + (1-k)_( M(a)- 1)2/k*M2(a)] +

+ M3(a)*Ip(a)*[1 - (l-k)*( M(b)- 1)2/'M2(b)]

b

+ 4*e* _ g *M 2(x)dx

19



W

+ k M2(b) - M2(a) * Sg *M (x)dx . (37)

................

1-k

Here the relationship that M(a)-I = k(M(b) -1 ) is used, which is true in the case of _ = ko_.

CASE #3:

We now consider the situation where 13= ks and M --) _. For large values of M(b) and M(a),

the M(a) _-k*M(b) and the last term in the equation is the dominant one. Therefore, ¢ is given by:

q_ = 2*e*I*M(a)*M(b), M(a), M(b) _ 0<. (38)

This is the spectral density of the current noise generated in the depletion region.

In summary, in the case of (z = [3, the noise spectral density is proportional to the third power

of the diode multiplication. Since the photodiode signal will be proportional to M, the square of the

signal-to-noise ratio will be proportional to M2/(2*e*It*M3+_ ) [12] where _ is the equivalent

spectral density, referred to the input, of all other noise sources. This will have a maximum for M

=2"_ /2*e*It. If ko_ is equal to 9, roughly the same comments apply. However, the noise spectral

density can be greater or less than the 2*e*It*M 3' depending on where the light is absorbed in the

junction. If it is absorbed mostly to the left of the high-field region, then the injected current Ira- It

and:

d_/ 2*e*Ii_ =M 3 [l+l-k/k*((M-1)/M) 2] . (39)

Conversely, if most of It originates from light absorbed to the right of the high field region,

then IL_= It and:

qb/ 2*e*Iin =M 3 [1-(1-k)*((M-1)/M) 2] (40)

20



Equations are plotted in Figs. 4-5 for various values of k. From the graphs, the following

conclusions can be drawn:

IO5 ...............................'.... _ _ -- .

4 r

,,f Y ._
'I'oL/Y/I

2 5 10 20 50 I_)

DIODE MULTIPLI :ATION (M)

Fig. 4. Noise spectral density/2elin versus _mltiplication for either injected holes

or electrons if _ = Ktz.
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The noise at a given value of M will be less if it can be arranged that most of the carriers

entering the high field region are of the more strongly ionizing type.

If one wishes to compare the noise measurements made on a real diode with the theoretical

curves for 13= kot, k should be considered an adjustable parameter roughly equal to the 13(E

max)/_Emax), where Era,,, is the maximum field in the depletion layer for a given value of M.

However, the figure shows that for the more strongly ionizing carrier, F is fairly insensitive to

the value ofk for low to intermediate values of M. Hence, the theoretical curve for F vs k for

large M may be indistinguishable from a plot of experimentally measured values of F vs M.

For the less strongly ionizing carrier, on the other hand, F is fairly sensitive to the value of k,

so that a single value of k is not expected to give good agreement with experiment, except
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whentheapproximation[3=kcxhappensto hol,t.

Measurementsof theholeimpactionizationratein AlxGal.xSbfor differentcompositions[13]

isshownin thefigure.Thefractionalalloycompo,,,itionof As in theAlxGat.xAsySbl.yis 0.08(i.e.

y- 0.08)for thephoto-detectorstructuresofinten st to NASA. Sincetherelativecompositionof

As is low, it canbeneglected,andtherefore,thepropertiesof AlxGat.xSbcannearlybeattributed

to theactualAlxGat.xAsySb].y.For thegivendet,;ctor,thecomposition(x) is closeto 0.26,for

whichthek=(13/oc)ratio is approximatelyequalto 2.1.
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Fig. 6. The variation of k=-(_/o0 with the composition of AIxGal.,Sb [13].

3.1 ELECTRIC FIELD CALCULATIONS

Neglecting the GaSb substrate of the photo-d,,,_tector, the device contains only three regions

namely, the n-type InGaAsSb layer, the n-type AlGA _sSb and p-type AIGaAsSb layers as shown in

Fig. 7. The energy band diagram (Fig. 8) and the eleclric field at each point can be calculated at each

point by assuming a certain electric field and using Poisson's equation at each junction.
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Fig. 7. The structure of avalanche photo detector.
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Fig. 8. The expected energy band diagram of the above detector.
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The electric field at x=0 + is assumed to be a value eq_lal to E0. The electric field can be positive or

negative. Here, two cases have been considered, one with a positive electric field and another with

negative electric field. The equation governing the two junctions is expressed as:

-_el-Svl +0.75 -_v2- Ee,2- 8e2 =Va, (41)

where 8el is the energy gap between the conduction band and Fermi level in InGaAsSb and _2 is

the energy difference between the valence band and Fermi level in p-AIGaAsSb. The parameters 8vl

and _v2 are the voltages developed in the two junt',tions, while 0.75 represents the band offset

between n-InGaAsSb and n-A1GaAsSb, and Ee,2 is _:he band gap of A1GaAsSb. This equation is

derived from the continuity of energy across the entirt device, and is valid for a given applied voltage

Wa.

CASE #1: The procedure for evaluatioa of the electric field profile and voltage

distribution within the device is described in this section. This procedure has been used throughout

this thesis for calculations of the energy band diagran_s. For concreteness, we begin by assuming that

the initial electric field E0 is greater than zero, and tl_e voltage 8vl is negative. Use is made of the

governing equation is the Poisson equation. Not oaly E0, but also a negative value of _ivl, is

assumed. By applying Poisson's equation for x less than zero:

dE/dx= q*[Nd I_G,,AsSb-- n(x)]/e tnO_sSb , (42)

where n(x) is the carrier density for x less than zerc,. The electric field is varied according to the

above equation with respect to x by incrementing x ia small steps with a starting value at x-0. The

initial value of the electric field can be obtained fro_ the continuity of D (the electric flux density):

E(O) = e I_O_Sb* EO/e AIGaAsSb. (43)

The initial value of carrier density can be calculated from the formula:
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n(0)--nd1*exp((q*Sv1)/(kb*T)) . (44)

Theelectricfield is thenincremented by using the Poisson's equation:

E(x-Sx) = E(x)- q*[Nd rnGaAsSb-- n(x)]* [Sx]/e _O_AsSb •

The voltage in the elementary length 8x is given by:

(45)

V(-Sx) = [E(x)+ E(x-Sx)]* [Sx]/2. (46)

In order to proceed, the carrier density n(x) is incremented by using the following equation:

n(x4ix )=n(x)*exp((-q*V(4ix)/(kb*T)). (47)

Poisson's equation is solved until the electric field becomes zero at x = -dl, which is the distance of

the depletion region of interest. The differential voltages obtained are added to get a f'mal voltage V.

This voltage is compared with the assumed value of 8vl. If both the voltages have the same

magnitude and opposite sign then the chosen E0 is correct. The difference in the sign of Svl and V is

attributed to that the V is measured in reverse order compared to 8vl. The chosen E0 is varied until

both the voltages match.

Once the _vl is matched by adjusting E0, then the calculations are carried out in the

A1GaAsSb region, and Poisson's equation is used once again as :

dE/dx = q * [Nd AIGaAsSb-- n(x)]/e A1G_Sb. (48)

The adjusted E0 is now used as the initial value for this equation. The initial value of carrier

density is given by the following equation:
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n(0)= ncl*exp((q*(Svl +&q-0.75))/(kb*T)) , (49)

wherencl is thecarrierdensityin theconductionbandoflnGaAsSb.Poissonequationissolvedin

thesamewayasexplainedabove.Theelectricfield i,_incrementedbyusing:

E(x+Sx)=E(x)+([Sx]*q*(nd2-n(x))/( e alC_Sb) • (5O)

The voltage in the elementary length 8x is given by:

V(Sx) = -[E (x)+ E_x+Sx)]* [Sx]/2. (51)

The carrier density is then modified according to:

n(x+Sx )=n(x)*exp((q*V(Sx)/(kb*T)). (52)

Poisson's equation is solved until the distance x becomes x = l, where I is the given thickness of

the AIGaAsSb region. The voltage V obtained is cot:lpared with the 8v2 obtained from the

equation:

-_l-_Svl +0.75 -_v,':-Eg2- 8e2 =Va. (53)

IfV matches 8v2, then the chosen 8vl is deemed to b,: correct and E0 is the accurate electric field. If

not, a different 8vl is chosen and the whole procedure is repeated until the all the values match.

CASE #2: When E0 is less than zero, the same above procedure is followed except

that the 8vl is chosen to be positive. The above t,.rocedure can be explained by the following

flowchart of Fig. 9.
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V CHOOSE 5vl

i
CHOOS_E0

i
CALCULAT_ VOLTAGE V1

USING POISSONS EQUATION
FOR InGaAsSb REGION.

8v2=-_Se I -.Svl +0,75 -Eg2- _5e2-Va,

CALCULATE VOLTAGE V2

USING POISSONS EQUATION
FOR AIGaAsSb REGION.

Fig. 9. Flow chart for calculating the electric field.
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5.1 RESULTS AND DICUSSION

A.summary of the various results obtained in lhe analysis of the detector is provided in this

section. The analysis has mainly been done to under, tand the electrical response characteristics of

the existing structure, and to evaluate alternate stru_-tures. Calculating the current flow for the

existing detector structure, on the basis of its energy b_tnd diagram, carries out the response analysis.

This analysis also helps to find imperfections and sho_'tcomings in the existing detector. Once such

drawbacks are recognized, these can be overcome through the design of alternate geometries. It is

shown that, unfortunately, the existing structure at NA SA is lacking in these properties. Two alternate

structures have been suggested, that should overcol_e the flaws inherent in the original detector

design, and help achieve improved performance. These structures are obtained through various

modifications of the original structure, which include varying the doping levels, and changing the

thicknesses of detector sub-regions.

5.2 ENERGY BAND DIAGRAM OF THE EXISTING NASA DETECTORS

The energy band diagram for the existing detractor can be obtained by combining the energy

band diagrams of the three individual junctions o:f"the detector. The junctions are n-GaSb:n-

InGaAsSb, n-InGaAsSb:n-AlGaAsSb, and n-AIGaA ;Sb:p-AlGaAsSb. For convenience, these are

referred to as the first, second and third junctions, re:;pectively.
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Fig. 10. The Energy band diagram of GaSb-InGaAsSb junction.

Figure 10 shows the partial energy band diagram (i.e. only the conduction band) for the n-

GaSb:n-InGaAsSb junction. The valance band has been omitted for simplicity, since it lies Es below

the conduction band. The shape of the energy band diagram is typical of n-n heterojunctions [14,

15]. The energy variation is maximum at the origin (distance =0) and is equal to the band offset,

which has a 0.325 eV value.
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Fig. 11. The energy band diagram of InGaAsSb-AIGaAsSb junction.

The energy band diagram (conduction band) for the second junction is drawn in the same

way as the first junction. Note that the origin of the second junction is at a distance d=3 _trn from the

origin of first junction (i.e. d = 0). This corresponds U_ the thickness [16] of the n-InGaAsSb region,

which, for this detector is 3 Inn.

The energy band diagram for the third jun,_:tion resembles that of the conventional p-n

junction. The origin of this diagram is at a distance d = 6 lxrn, since the A1GaAsSb [17] region in the

NASA device is 31xm thick. Here, the energy band diagram penetrates more into the n-A1GaAsSb

region as compared to the p-AIGaAsSb, because the p-A1GaAsSb region has a larger doping with

respect to compared to n-A1GaAsSb region. Note thet all the three energy band diagrams have been

drawn with no external voltage applied i.e. when apt_lied voltage is zero.
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Fig. 12. The energy band diagram for AIGaAsSb p-n junction.

Once the energy band diagram for each junction has been obtained, the full energy band

diagram can be deduced by combing each of the three individual segments. The combination has to

be based on the condition that, when the current due to generation rate Go is neglected, the current

flowing in each junction should be same for continuity. Consequently, the applied voltage will then

divide between the junctions in such a way that the current at any point is the same and is equal to the

total current flowing in the device. The idea similar to putting together a collection of resistors

connected in series, subject to a constant total current, and a voltage division between the constituent

resistive elements.
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Fig. 13. The combined energy band di_,gram for the first two junctions.

Figure 13 shows the energy band diagram fi _r the first two junctions based on the above

voltage dividing principle. The voltage across the twc junctions is divided in such a way that the total

current is constant and is equal to 1.358 '103 A/m 2. q his voltage division can be done from the J-V

characteristics of the two junctions. From this, one (,btains:

Total applied voltage: V = V] + "_/2 _- 0.30009171 V, (54)

and, total current: J = Jl : J2 : 1.358 "103 A/m 2 . (55)
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Cond,bction band

V_lency band

Fig. 14. The complete energy band diagram for the detector at V = 0 V.
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Fig. 15. The complete energy band ,_liagram for the detector at V = 0.4 V.

Combining the energy band diagrams, as shown figure 14, draws the complete energy band

diagram of the detector when no external voltage applied. The energy band diagram for the

detector when an external, non-zero bias is applied is shown in figure 15. The applied voltage is

equal to 0.400641 V. Most of the voltage is predict::d to drop only across the third junction (V3 --

0.4V), to maintain a constant current equal to 5.1,5 x 104 A/m 2 in the detector. The negligible

voltage drop in the first and second junctions can be explained on the basis of the J-V

characteristics of the first and second junctions.

5.3 COMPARISION OF SIMULATION Ol JTPUT WITH NASA DATA

In this section, results of photodetector responsitivity for the existing NASA

devices are compared with theoretical curves obtained from our simulations. The responsivity
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measurements for the original NASA structure were obtained at Astro Power Inc. and other

laboratories. Illumination on the detector could be incident from either the front side or the back

surface. By convention, for front side illumination, light entering the detector would fall on the p-

AIGaAsSb. Conversely, backside illuminated would be the situation for the light beam to be

incident from the GaSb-side. The responsivity of the detector obtained from experimental

measurements with front- and back-side illuminations, is shown in Fig. 16.

/

............ } ............ {............. _ ........... _ ............ ._............. :...........

Front cur_ll

Blck cur'_

............. } ............ } ............

\

Fig. 16. Spectral response of front side and backside illuminated NASA structure

1181.

As seen from the figure, the back-illumination curve has a maximum responsivity

around the 2000 nanometers (nm) wavelength. The responsivity falls offquickly as the wavelength

changes from 2000 nm. The "front" curve, on the other hand, has a responsivity that is constant

from 2000-1700 nm, and then the responsivity begin to decrease slowly for lower wavelengths. The

difference in their responsivities is due to the material that is primarily responsible of the photon

absorption. For "backside" illumination, GaSb absorbs most of the light, particularly below the

2000 nm regime. This causes the resonsivity to fall sharply below 2000 nm in this mode of

operation.
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The absorption coefficient (a) of InGaAsSb for these curves is given to be 5.5 *10 5 m-_ at

2000 nm. However, o_ is not a constant and chan_es with wavelength due to absorption by the

band-edge "Urbach" tails, and increases in the density of states with energy. The variations of o_

were not measured, and neither are there any reports in the published literature. Given this

unknown, the wavelength dependent alpha values were calculated from the responsivity of the

"frontal-illumination" data curve. The alpha was as_umed to be nearly constant in the region below

2000 nm. The resulting alpha variation thus obtaine, 1from the responsivity measurements, is shown

in Fig. 17.
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Fig. 17. Alpha versus wavelength for the existing NASA detector.
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Fig. 18. Comparison of experimental responsivity with the existing data.

Shown in Fig. 18 are the experimental data for the normalized responsivity, and a

theoretical calculation based on the calculated alpha curve of Fig. 17. As can be seen, the

theoretical predictions match both the front and back curves fairly well. Deviations at the long

wavelengths are probably due to device leakage currents.
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Fig. 19. Comparison of experimental al_d NASA curves for front illumination.

For alpha assumed to be nearly constant fo_ wavelengths below 2000 nm, the theoretical

responsivity obtained is shown in Fig. 19. The experimental data roughly matches the calculated

curve. The experimental curve is also drawn for the backside illumination case, for completeness.

As seen from the figure, the experimental curves ar:." nearly identical for both the front- and back-

side illumination situations for wavelengths greater than 2000 nm, while they differ for lower

wavelengths. This difference is arises because ul,on backside illumination of the device, the

absorption from the GaSb layer causes an additional decrease in photon intensity. This causes the

responsivity to fall more quickly. The expedm(ntal back curve has the same shape as the

theoretical curve, but falls more rapidly after 1800 nm wavelengths.
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Fig. 20. Comparison between experimental data and theoretical curves.

The other structures available and tested at NASA were also studied, and their responsivity

values compared. For example, wavelength-dependent responsivity for NASA structure D 19-K204-

11#8, had a response as shown in Fig. 21.
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Fig. 21. Responsivity versus wavi_length for D19-K204-11#8 detector.

The responsivity versus wavelength curves for the NASA detector DI9-K204-11#8 at the

two applied voltages of 0V and IV, are shown in figure 21. As seen from the plots, an increase in

voltage causes a corresponding increase in the responsivity for a given wavelength. These

experimental data are compared with the theoretica! predictions obtained from the extracted alpha

values of figure 17. The resulting plots are shorn in figure 22. As seen from figure 22, the

experimental data and calculated responsivity mat,_h almost exactly for V - 0V, and also are in

nearly agreement at the 1V bias. This validates t!_e alpha values and bears out the theoretical

modeling.
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Fig. 22. Comparison between experimental and existing curves for D19-K204-11#8.

5.4 ANALYSIS OF EXISTING DETECTOR STRUCTURE

The characteristics, including the energy band diagram, for the photo-detector existing at

NASA LaRC have been explained in the previous section. The detector was designed for several

NASA applications mainly at the 2pm wavelength. In order to enhance the sensitivity, it is highly

desirable to achieve internal carrier multiplication and avalanche action for amplifying the photo-

current. Unfortunately, the current detector described in the previous section seems to have several

flaws in its design. First, the dark current of the detector, which should ideally be small for low

background noise detection, is actually large. The dark current in this detector is in the same orders of

magnitude as the photo current. This makes it very difficult to distinguish between the actual

photocurrent response, and the dark currents. The detector also suffers from the problem of being

able to achieve high carrier multiplication. The avalanching property is useful because, in most of the
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detectors,the incomingsignalwill beweak. This is_'.speciallysoif the incomingphotonsignalis

weakdueto atmosphericattenuation.Forgooddetecton,suchasweaksignalneedstobeamplified

to produceastrong,distinguishableoutput.Therefor,J,without avalancheactionandinternalgain

throughcartiermultiplication,it isverydifficult to delectweaksignals.Thisis,therefore,isonevery

importantdrawbackof this detectorthat needsto !)e corrected.The following sectionpresent

alternatestructuresthatattemptto rectify theabovelaws.

5.4.1 GUIDING PRINCIPLES FOR GOOD PHOTO-DETECTION

The following steps should be taken for imp] oving the performance of the photo-detector.

The main aim is to reduce dark current and increase _he photo-current.

1. Reduce the doping Nd within the n-InGaAs3b region. The reduction of doping Nd will

increase the width of depletion layer in that r_gion. This would also cause a decrease in the

carrier recombination, since relatively fewe:' free carders would be available for direct

recombination. The reduction in carders alsc, brings about a reduction in the dark current.

This would effectively work to suppress the background noise. This is the main advantage of

reducing the doping in InGaAsSb region. Re, luting doping also increases the resistance in

that region which will increase the IR voltage drop. Consequently, the electric field would

increase. This in turn, can facilitate an increa_se of the drift current, and the possibility for

carder impact ionization.

2. Reductions in doping within the n-A1GaAs_;b region, and to make it nearly intrinsic, if

possible. This reduction in doping would hell:_ in reducing 6Ev [22] between the InGaAsSb-

A1GaAsSb regions by pushing up the AIGaAsSb energy band diagram. This will also help

increasing the electric field necessary to drive the holes and to cause impact ionization in the

p-n junction. Finally, the possibility of tunneling in p-n junction can also be avoided by

reducing the doping.

3. Reducing the width of A1GaAsSb region. Thi_ reduction will cause the electric field in the n-

p junction to penetrate deeper into the InGaAsSb region. This also reduces possible
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recombination.Finally, the reducedwidth will lower the carrier transit time, thereby,

increasingthefrequencyresponseandspeed.

5.5 ANALYSIS OF TWO ALTERNATE DEVICE STRUCTURES

In keeping with the above strategies, two alternate photo-detector structures are proposed for

improving the performance of the existing device. In both the alternate structures, the n-GaSb

region is completely removed, as it really does not serve any useful role in either the carrier

absorption, or multiplication processes. The two alternate structures are:

1. An intrinsic InGaAsSb-lntrinsic AIGaAsSb- p AIGaAsSb detector, and

2. An intrinsic InGaAsSb-p (lightly doped and almost intrinsic) AIGaAsSb-p AIGaAsSb

detector.

The analysis of the above two structures is done, in an attempt, to see if the performance

can be improved. The first structure consists of very lightly n-InGaAsSb (almost intrinsic) with a

doping concentration of 1022 m "2, and n-A1GaAsSb (almost intrinsic) with a doping concentration

of 5 x 1021 m "2, and a p-type AIGaAsSb region. Note that the width of the A1GaAsSb region is

reduced to 1 _tm from the 3 _m dimension of the original detector.
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Fig. 23. The complete energy band diagram of the modified structurel at V = 0V.
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Fig. 24. The electric field for the modified structurel at V = 0V.
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The energy band diagrams of the above structures were calculated at different voltages. The

energy band diagram with no applied voltage is shown in figure 23. Note that the energy band

diagrams of n-InGaAsSb-n-A1GaAsSb and A1GaAsSb p-n junction are combined, and there is a

definite inter-penetration of electric field from the AlGaAsSb p-n junction into the InGaAsSb region.

The corresponding internal electric field profile is shown in Fig. 24. The discontinuity at the

InGaAsSb-AsGaAsSb junction is due to the difference in dielectric constants between the two

materials. The energy band diagrams for other applied voltages ranging from 0.5 V to 7V have also

been shown in Figs. 25-29. As seen from the figures, the increase in the voltage causes the energy

band diagram to shift up in InGaAsSb-AIGaAsSb region. For voltages below 2 V, there is barrier to

hole flow in the n-AslGaAsSb region. Hence, the photocurrents at such biasing levels are not

expected to be very large. However, as the biasing voltage reaches beyond a 2V value, the valance

band barrier disappears. Hence, it should be possible for holes in the valance band of InGaAsSb to

move unimpeded, and be transported to the right, thereby contributing to a net current. The very high

electric field will promote high drift velocities, and could even cause impact ionization at the

AIGaAsSb p-n junction. The width reduction of AlGaAsSb will enhance this, not only because of the

higher electric fields, but also of negligible recombination over a narrower width.
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Fig. 25. Complete energy band diagram of the modified structurel at V = 0.5V.

,_, :L'2_,..\_ ?_--I ,

_,_,_w.-,,,_-............................................................................................... ]......"_-
fii

Fig. 26. The electric feld for the m.difled structurel at V = 0.SV.
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Fig. 27. Complete energy band diagram of the modified structurel at V = 1V.
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Fig. 28. The complete energy band diagram of the modified structurel at V = 2V.
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Fig. 29. Complete energy band diagram of the modified structurel at V = 7V.

The above structure is also predicted to havt: a low dark current because of reducing doping.

This bodes well for the overall selectivity and detec_ ivity of the device. Also, a large photocurrent

should result, given the possibility for carrier avalanche at high biasing, and low recombination along

the transit path. The large band bending is indicative of the potential for high impact ionization.
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Fig. 30. The complete energy band diagram of the modified structure2 at V = 0V.

A second structure is now proposed and investigated. The second structure consists of very

lightly n-InGaAsSb (almost intrinsic) with a doping concentration of 1012 m3, and p-A1GaAsSb

(almost intrinsic) with a doping concentration of 5 x 1021 m3, and a p-type A1GaAsSb region. Note

that, similar to the first structure, the width of the AIGaAsSb region is maintained at llttm. The energy

band diagrams for the second structure were also calculated, and the shown for various applied

voltages in the following diagrams. Fig. 30 is for a zero bias case, the diagram of Fig. 31 for 0.5 V

and Fig. 32 for 2 V bias.
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Fig. 31. Complete energy band diagram of the modified structure2 at V = 0.5V.
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V ,le_cy band

Fig. 32. The complete energy band diagram of the modified structure2 at V = 2V.
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In this second structure, as the applied voltage increases, most of the voltage is predicted to

drop across the AIGaAsSb p-n junction. Like the first structure, this device scheme structure would

also help drift holes in the InGaAsSb and A1GaAsSb valance bands. There is also a distinct

possibility to cause impact ionization across the AIGaAsSb junction, and to produce a large

photocurrent.

Since the success of these photo-detectors depends on the degree and extent of impact

ionization for internal gain, it is necessary and germane to evaluate the ionization rates. The hole and

electron impact ionization rates for the AIGaAsSb region of the existing NASA detector were,

therefore, calculated for different applied electric fields and for different compositions. As discussied

previously and shown in Fig. 6, the change in the composition, has no effect on the hole impact

ionization coefficient (13) [23-25]. However, the electron

...........\ ........i.............................................

Fig. 33. The hole impact ionization rate versus inverse of electric field.
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Fig. 34. The hole impact ionization rate versus electric field.
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Fig. 35. The electron impact ionization rate versus electric field.
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Fig. 36. The electron impact ionization rate versus inverse of electric field.

ionization coefficient (_) changes by a factor k (_/o_), and equals 2.1 for the given

composition of A1 in AIGaAsSb for the existing NASA detector.

Figs. 33 and 34 show the calculations for electric field vs ionization coefficient for

holes. The electric field dependence of the electron ionization coefficient o_is shown in Figs.

35-36. Both the E vs o_ and 1/E vs t_ graphs [26] are plotted for convenience. Since the

impact coefficient varies with alloy composition, a set of possible AI compositions in

A1GaAsSb, has been used. As seen from the graphs, the increase in composition increases the

electron impact ionization rate, for the same applied electric field.

Calculations of multiplication factor [27] for the A1GaAsSb diode are shown in the

following graphs. As seen from Figs. 37-40 the multiplication factor, M, increases with

increasing AI composition x in the A1GaAsSb material for a given applied voltage. The
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multiplication factor also increases with the applied voltage for the fixed composition. These

results clearly show that the alloy compositior is also an important parameter, and should be

carefully considered in the design of a good avalanche photo-detector for this 2 pan

application.

............ }....

Fig. 37. The variation of multiplication factor with alloy composition at V = 0V.
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Fig. 38. The variation of multiplication factor with alloy composition at V = 0.5V.

Fig. 39' The variation of multiplication factor with alloy composition at v = iv.
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Fig. 40. Variation of multiplication factor with alloy composition at V = 2V.
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